yellow cucum ber cotyledon discs approxim ated the ab so rp tio n spectra o f p ro to p o rp h y rin IX (P ro to IX). T here was also an enhanced peak n ear 503 nm . T reatm ent o f cotyledon discs w ith A L A alone generated a differ ence spectrum o f protochlorophyllide (PChlide) in co m b in atio n with M g -P roto IX or M g-P roto IX m onom ethyl ester (M g-P roto IX M E). W ith A L A a n d A F in co m b in atio n , the PC hlide and M g-P roto IX portions o f the difference spectrum were reduced an d the P roto IX peak an d peak n ear 503 nm were increased. D Y treatm en t yielded a difference spectrum w ith peaks approxim ating those o f Proto IX an d M g-Proto IX M E , along w ith a peak n ear 503 nm . T he presence o f all porp h y rin s detected by in vivo sp ectro p h o to m etry except fo r the 503 nm p eak w as confirm ed w ith H PL C . Proto IX m onom ethyl ester was found by H P L C to be espe cially elevated in treatm ents with AF. The in vivo 503 nm peak a n d in vitro studies w ith Protoxco n tain in g barley etioplast p reparations suggest th a t p ro to te tra h y d ro p o rp h y rin IX (an oxid a tion state interm ediate between proto p o rp h y rin o g en IX an d P roto IX ) m ay accum ulate un d er som e conditions. These d ata dem onstrate th at rapid in vivo spectro p h o to m etric studies can provide m uch o f the qualitative results o f H P L C studies and can confirm th a t in vitro results co rresp o n d with the in vivo situation.
Introduction
Certain substituted diphenyl ether herbicides such as acifluorfen (AF) are strong inhibitors of protoporphyrinogen oxidase (Protox), the last en zyme com m on to the synthesis of both chlorophyll and heme [1] [2] [3] [4] [5] . These com pounds are competi tive inhibitors and are analogs of one half of the Protox substrate, protoporphyrinogen IX (Proto gen IX), molecule [1, [6] [7] [8] . Inhibition of Protox by these herbicides apparently causes the enzyme product, protoporphyrin IX (Proto IX) to accu- Verlag der Z eitschrift für N aturforschung, D-W -7400 T übingen 0 9 3 9 -5 0 7 5 /9 3 /0 3 0 0 -0 3 1 7 $01.30/0 m ulate [9] [10] [11] , as it does in yeast or hum ans with dysfunctional Protox [12, 13] . Protogen IX is rela tively labile and can autooxidize to Proto IX. Therefore, it has been assumed that the Proto IX formed in tissues in which Protox activity is ab sent, either through herbicidal inhibition or genet ic defect, is due to autooxidation of the substrate outside the norm al porphyrin pathway [4, [14] [15] [16] [17] ,
In plants, the m ost active site o f porphyrin syn thesis in leaf cells is the plastid, and the plastid en velope is enriched in Protox [18] . In plant cells treated with Protox-inhibiting herbicides, Proto IX appears to accumulate largely outside the plas tid, either in the plasma mem brane or cell wall [16, 19] , Furtherm ore, a Protox-like activity appears to be associated with the plasm a mem brane [20] . This activity is not inhibited significantly by Protox-inhibiting herbicides. W hether this extraorganellar Protogen-oxidizing activity is enzymatic is still not clear. These previous d ata indicate that inhibition o f plastidic Protox leads to export o f Protogen IX by the plastid, with subsequent oxidation to Proto IX at the plasm a membrane.
We have dem onstrated dram atic increases in extractable Proto IX from AF or A FM -treated plant tissues within a half hour or less after exposure to the herbicide in the light [21, 22] . However, in both of these studies, herbicidal effects lagged hours be hind Proto IX accum ulation. The present study suggests that some o f the lag could be due to rapid in vivo accum ulation of Protogen IX or oxidative intermediates instead of Proto IX. These com pounds might be converted to Proto IX rapidly during extraction and sample preparation or more slowly in vivo.
In a recent paper it was dem onstrated that in vivo spectrophotom etric m ethods could be used to detect accum ulation o f Proto IX in A F-treated plant tissues [23] . This can be done in tissues with very low chlorophyll levels, such as those treated with tentoxin, a com pound which arrests chloro plast development [24] , These tissues retain the ca pacity for high levels o f plastid porphyrin synthe sis in darkness [19, 24] , Lack o f high chlorophyll levels allows the detection of porphyrin pathway intermediates by in vivo spectrophotom etry.
Porphyrinogenic herbicides other than Protox inhibitors, such as 8-aminolevulinic acid (ALA) and 2,2'-dipyridyl (DY), have been the focus of studies [25, 26] . In vivo spectrophotom etric m eth ods could be used to probe their action also.
In the present paper we provide further evidence that Proto IX, protoporphyrin IX m onom ethyl es ter (Proto IX ME), and, possibly, the oxidation in termediate of Protogen IX to Proto IX, prototetrahydroporphyrin IX (PTP IX), accumulate in plant tissues exposed to the Protox inhibitor AF. PTP IX has been reported to have a 503 nm ab sorption maxima that is not shared by other por phyrin intermediates, and its accum ulation has been considered to be the result o f non-enzymatic oxidation of Protogen IX [27] [28] [29] . Furtherm ore, findings in this paper confirm that much o f the Proto IX extracted from A F-treated tissues exists as Proto IX in vivo and is not due to chemical oxi dation of accumulated Protogen IX during extrac tion. Finally, the in vivo spectrophotom etric and HPLC results agreed in all treatm ents with p o r phyrinogenic herbicides, indicating that in vivo spectrophotom etry is a reliable, rapid m ethod for predicting whether a herbicide acts by porphyrinogenesis and, if so, predicting its site in the p o r phyrin pathway.
Materials and Methods

Plant material
Seeds of cucumber (Cucumis sativus L., cv. Straight Eight) were imbibed in 80 jim tentoxin (Sigma Chemicals, St. Louis, MO) for 24 h before planting as previously described [19, 30] . The seeds were then planted in flats in a commercial green house substrate (Jiffy-Mix; JPA, West Chicago, IL) and watered with distilled water.
Plants were grown at 25 °C for 7 to 8 days under 150|im ol m " 2 s_1 photosynthetically active white light and > 9 0 % relative humidity before cotyle dons were harvested for use. Treating with tentox in produces yellow cotyledons that are m orpho logically normal, but contain little or no chloro phyll [19, 24, 30] .
Tissues were treated with A F as before [31] by cutting 50, 4 mm diameter cotyledon or leaf discs with a cork borer and then placing them in a 6 cm diam eter polystyrene petri dish in 5 ml o f 1 % su crose, 1 m M MES (pH 6.5) medium with or w ith out test compounds. Technical-grade treatm ent com pounds were used: A F (5-[2-chloro-4-(trifluoromethyl)phenoxy]-2-nitrobenzoic acid), a gift of Rohm and Haas Co.; DY and ALA were purchased from Sigma Chemicals. The discs were then incubated at 25 °C in darkness for 20 h.
Barley seed (Hordeum vulgare L., cv. Morex) for membrane and Protox preparations were germi nated and grown in 1.2 L pots in darkness at 25 °C for 7 days as before [6] ,
In vivo spectrophotometry
All procedures were carried out under dim, green light. In vivo spectral scans were perform ed with a dual wavelength/dual beam spectrophoto meter (Model DW-2000, SLM Instrum ents, U r bana, IL) in the dual beam mode. Cotyledon discs of cucumber (described above) were taped with translucent, neutral-density tape to flat-black, anodized aluminum plates to completely cover an orifice which registered with the measuring beam of the spectrophotometer, which was focused on the orifice with a microbeam attachm ent. The ref erence beam was focused on a reference orifice which was covered with tape only. The sampleholding plates were placed within 1 cm of the pho tom ultiplier tube. Only one disc was measured at a time with the method. Several scans were m ade o f each treatm ent and then an average of the com puter-stored scans was generated. Average values o f untreated discs were subtracted from average values o f treatm ents to obtain difference spectra to evaluate the treatm ent effects.
To better determine the underlying absorption maxima o f the various com pounds contributing to the in vivo spectra, the spectra were analyzed with a com puter program (PeakFit, Jandel Scientific, San Rafael, CA) designed to deconvolute complex absorption spectra into their Gaussian com po nents without user input to suggest particular peaks. The com puter-generated peaks did not ab solutely correspond with the spectral peaks of standards o f chlorophyll intermediates in solution. However, absorption spectra o f these somewhat lipophilic com pounds in crude membrane prepara tions (see below) were obtained to more closely simulate their in vivo microenvironment (Table I) .
All procedures for preparation of crude mem brane extracts were carried out under dim, green light, and the preparation was kept at 0 -4 °C, ex cept where noted. Six-day-old, tentoxin-treated cucumber cotyledons were homogenized by m or tar and pestle in a buffer containing 0.25 m su crose, 25 m M Tris-M ES, and 3 m M EDTA, pH 7.2 [32] , at a ratio of 0.25 g o f tissue per milliliter of buffer. The hom ogenate was filtered through four layers o f cheesecloth and then centrifuged at 150 x g for 1 min to remove cell debris that might settle to the bottom o f the cuvette during spectra scanning. The supernatant was kept on ice until use. Porphyrin standards were prepared in 100% HPLC-grade m ethanol at 25 j im and added to the membrane preparation to produce a final concen tration o f 2.5 fiM . A blank containing 10% m eth anol in cucumber extract was also prepared. All preparations were allowed to equilibrate to room tem perature before measurement.
H P L C o f porphyrins
Porphyrins were extracted and identified by HPLC as before [33] . All extractions for HPLC were made under a dim, green light source. Sam ples (50 cotyledon discs) were homogenized in 3 ml of HPLC-grade methanol: 0.1 n N H 4OH (9:1, v/v) with a Brinkm ann Polytron at 60% full power for 15 s. The hom ogenate was centrifuged at 30,000 x g for 10 min at 0 °C and the supernatant was saved. The pellet was resuspended in 3 ml of methanol, sonicated for 5 min, and centrifuged at 30,000 x g for 10 min at 0 °C. Supernatants were combined and evaporated to dryness at 40 °C with a rotary evaporator. The residue was dissolved in 2 ml of HPLC-grade basic m ethanol, sonicated for 5 min, and filtered through a 0.2 ^im syringe filter. Samples were stored in light-tight glass (wrapped in alum inum foil) vials at -2 0 °C until analysis by HPLC.
HPLC determ inations were m ade with a system composed of W aters Associates com ponents which included: two Model 510 pumps; a Proto IX M E and M g-Proto IX (Porphyrin P rod ucts, Inc., Logan, UT) were used. PChlide was ob tained by extraction from etiolated barley (H ordeum vulgare L.) tissues, quantified spectrophotometrically as before [34] and injected into the HPLC for calibration o f the spectrofluorom etric detector. The position o f M g-Proto IX ME was determined by the m ajor peak from extracted DY-treated tissues. This com pound causes plants to generate very high levels of M g-Proto IX ME [35] . Porphyrin detection was perform ed with flu orescence detector excitation and emission wave length settings of 400 and 630 nm, respectively, for Proto IX and Proto IX ME; 415 and 595 nm, re spectively, for M g-Proto IX and M g-Proto IX ME; and 440 and 630 nm, respectively, for PChlide. The photodiode array detector scanned from 300 to 700 nm to confirm all peaks.
In vitro detection o f the 503 nm pigm ent
The assay mixture for Protox assays contained 100 m M HEPES buffer at pH 7.5, 1 m M EDTA, 2 m M DTT, and 7 |iM Protogen IX as previously described [20] , The enzyme was preincubated for 20 min in the assay m ixture containing DTT be fore addition of Protogen IX to start the reaction. The enzyme preparations utilized were extracts of barley leaf etioplasts prepared as previously de scribed [33] . In some treatm ents, enzyme prepara tions were heated for 15 min at 80 °C. Spectral scans o f the reaction mixtures were made with a SLM DW-2000 spectrophotom eter in the split beam mode. Scans were made upon addition of Protogen IX and again after incubation at 25 °C for 0.5, 2, 6, and 20 h in complete darkness. All sample handling was under a dim, green light source. The samples were placed in the closest po sition to the photom ultiplier in order to capture as much light as possible from the somewhat turbid membrane preparations (357 mg protein/ml). Spectral scans were stored on a com puter so that difference spectra could be generated.
Results
E ffect o f A L A , AF, and D Y on in vivo porphyrin pigm ents
Only subtle differences were observed between in vivo spectra of control, A F-treated, ALA -treated, DY-treated, and ALA plus A F-treated tissues (data not shown) (see Fig. 4 of ref. [23] ). However, difference spectra between chemical treatm ents and controls revealed distinct spectral peaks (Fig. 1) , which, when deconvoluted into Gaussian peaks, corresponded approxim ately with spectral peaks of chlorophyll intermediates obtained by di rect measurement of standards in m em brane prep arations (see Fig. 6 of ref. [23] for an example of the absorption spectrum of Proto IX in a standard membrane preparation), from published data, or measured directly in tissues known to have pre dominantly one intermediate (Tables I and II T able II. A b so rp tio n m axim a o f in vivo difference spectra o f chem ical treatm en ts m inus control tissues a n d possible co rresp o n d in g chlorophyll interm ediates, as well as com p ounds detected to be higher th a n in co n tro l tissues by H P L C .
T reatm ent A b so rp tio n m axim a [nm] C o m p ou n d A nalytical m ethod
In vivo sp ectro p h o to m etry H P L C A F 409 P ro to IX o r P ro to IX M E P ro to IX and P ro to M E 502 P T P IX?
A LA 407 P ro to IX o r P ro to IX M E P ro to IX 633 PC hlide PC hlide 421 M g -P ro to IX or M g -P roto IX and M g -P ro to IX M E M g-P roto IX M E A F + A LA 409 P ro to IX o r P ro to IX M E P ro to IX an d P ro to IX M E 633 PC hlide 499 P T P IX? DY 398 P ro to IX o r P ro to IX M E P ro to IX and P ro to IX M E 421 M g -P ro to IX o r M g -P roto IX and M g -P ro to IX M E M g -P roto IX M E 506 P T P IX? peak near 503 nm (499-506 nm) was found only in treatm ents which also had a large Proto IX peak. This peak was more pronounced in treat ments with included AF, but its size varied consid erably between experiments. A nother example of the AF difference spectra is provided by Duke et al. [23] . In this case, a prom inent Proto IX peak and a large Gaussian com ponent near 500 nm were also observed. Deconvolution o f the four in vivo difference spectra revealed a peak approxim ating the 411 nm peaks of Proto IX or Proto IX M E in all treat ments (Fig. 1) . The peaks other than the ca. 411 and 503 nm peaks in the A F and the AF plus ALA treatments approximate the m inor peaks of Proto IX. Peaks approxim ating the absorption maxima of M g-Proto IX or M g-Proto IX M E (421 nm) were detected in the ALA and DY treatments. Both of the peaks approxim ating those o f PChlide (446 and 633 nm) were in the ALA and ALA plus A F treatments. These qualitative results are sum m a rized in Table II. HPLC analysis o f the porphyrins from the treat ments revealed pigments that matched those deter mined by in vivo spectrophotom etry, except that the 503 nm pigment was not detected (Fig. 2 and 3 , Table II ). All treatm ents profoundly increased to tal porphyrins; however, the patterns and levels of accum ulation varied considerably between treat ments and porphyrins (Fig. 3) .
Wavelength (nm)
A ttem pts to measure the 503 nm pigment with HPLC were unsuccessful. AF plus ALA-treated tissue extracts, Protogen IX-amended control tis sue extracts, and Protogen IX samples in methanol were analyzed by HPLC for the presence of this pigment. The entire run was m onitored spectrophotom etrically at 503 nm. Proto IX could be de H P L C a n a ly s is tected at high levels in the A F plus ALA-treated plant extract and at lower levels in the Protogen IX-amended control plant extract and Protogen IX sample. However, no 503 nm peak was detect ed in any of the samples.
A ttem pts to measure the presence o f a 503 nm pigm ent in P rotox reaction m ixtures
The above in vivo spectrophotom etric studies suggest the presence o f a pigment with an absorp tion maximum at ca. 503 nm in plant leaves treat ed with AF. To further examine the potential rela tionship between this 503 nm pigment and the par tially oxidized porphyrin interm ediate PTP IX, we determined whether a com pound with a 503 nm absorption maximum could be detected in Protox reaction mixtures incubated with A FM , the m eth ylated form of AF which is a significantly better Protox inhibitor than A F [1, 6] .
Barley etioplasts were the enzyme source. We have previously shown that extracts o f barley etio plasts have easily m easured Protox activity that can be inhibited by A FM [6] . Protogen IX was in cubated in an extract of barley etioplasts, both in the presence or absence o f AFM . The experiment was repeated with different am ounts of DTT in the reaction mixture. After incubation for 0.5, 2, 6, and 20 h, visible spectra of the reaction mixtures were scanned spectrophotometrically.
With 2 mM DTT, after 2 h o f the enzymatic in cubation without A FM , the difference spectra be tween the spectra at this time and at 0 h had spec tral peaks characteristic of m embrane-associated Proto IX (see Table I ) only (Fig. 4 A) . The same difference spectrum (2 h minus 0 h) with a heated preparation resulted in no dom inant absorption peaks (Fig. 4 A) . In the presence o f A FM and Pro- togen IX, the Proto IX peak was much smaller and a secondary peak near 503 nm was sometimes much larger, relative to the Proto IX peak (Fig. 4B ). This secondary peak is similar to that reported for the partially oxidized PTP IX form of Protogen IX [27, 29] . The difference spectrum of a heated preparation with A FM yielded a peak near that of Proto IX with no other dom inant absorp tion maximum (Fig. 4 B) . The Proto IX peak in the uninhibited reaction was lower and the Proto IX and 503 nm peaks in the inhibited reaction were lower or missing at 0.5, 6, and 20 h than at 2 h (data not shown). Furtherm ore, with different DTT concentrations, the 503 nm peak was absent or not as pronounced. The optimal time for detec tion should be a function of rates of production and destruction and the oxidizing environment. These factors may change with time. Protox-generated Proto IX was associated with purified etioplast (by Percoll gradient) and plasma membrane preparations (by two-phase partition [36] ); how ever, no 503 nm peak was found in these assays (data not shown).
Discussion
The porphyrins indicated by the in vivo differ ence spectra (Fig. 1, Table II ) are identical to those previously identified by HPLC in green cucumber cotyledons discs exposed to the same treatments [34] , except for the 503 nm pigment. The in vivo spectrophotom etric results also agreed with the HPLC results from the same treatm ents except for the 503 nm pigment (Table II) .
The 503 nm pigment could not be detected by our HPLC m ethod for several possible reasons. If it is PTP IX, it might be oxidized to Proto IX or other products during sample preparation. Our ex traction, HPLC, or detection methods could be in sufficient for proper analysis. This is likely to be the case if it is not PTP IX.
The results o f Fig. 4 suggest that the 503 nm pig ment is present in vitro in Protox assays in the pres ence o f A FM under some conditions. In contrast, enzymatic Protogen IX oxidation in the absence of A FM yields primarily Proto IX, with very little or no accum ulation of the 503 nm compound. An un expected result was that no 503 nm peak occurred in heated samples, but did occur in the unheated reaction with AFM . This suggests that the AFMresistant, Protox-like activity associated with plant membranes [20] may be required for formation of the 503 nm pigment. Furtherm ore, it suggests that this activity is enzymatic. An alternative explana tion is that the 503 nm peak is due to enzymatic production of a non-porphyrin com pound with a 503 nm peak, as suggested by Labbe-Bois and Labbe [37] for the in vivo 503 nm peak in yeast. However, we think that this is highly unlikely in our system, because the peak did not occur with out the presence o f Protogen IX in vitro or high Proto IX levels in vivo. Furtherm ore, it is unlikely that a full complement o f enzyme and substrate for the production of a non-porphyrin pigment would be associated with isolated membranes. Neverthe less, our inability to detect the 503 nm pigment by HPLC and the limited conditions under which it was detectable in vitro preclude us from identifying it as PTP IX.
Tetrahydroporphyrins have been characterized chemically as relatively stable intermediates in the chemical autooxidation o f porphyrinogens (hexahydroporphyrins) to fully oxidized porphyrins [34] , and PTP IX can be characterized by its 503 nm absorption maximum [27, 28, 37] , A pig ment with a 503 nm absorption maximum similar to that of PTP IX has been observed in the cyto plasmic fraction o f yeast growing anaerobically or in glucose minimal media [27, 38] and in E. coli [39] . Evidence indicates that the appearance o f the 503 nm pigment is associated with growth condi tions leading to decreased Protox activities both in an E. coli m utant [39] and in a yeast [29] . These findings have suggested that when rapid enzymatic Protox activity is decreased or stopped, PTP IX accumulates as a result o f a slower non-Protoxmediated oxidation o f Protogen IX. O ur finding of a 503 nm pigment in plants treated with a Protoxinhibiting herbicide suggests a similar conclusion.
Proto IX ME ( Fig. 2 and 3) has not been pre viously reported to accumulate in tissues treated with Protox-inhibiting herbicides. W hether methylation o f Proto IX under these circumstances oc curs in and/or outside of the plastid is not known. However, if Protox-inhibiting herbicides cause Proto IX to accumulate primarily outside the plas tid [19, 20] , it is likely that the Proto IX ME is formed outside the plastid. This seems even more likely in that this com pound was found at a lower concentration in DY-treated than in AF-treated tissues, even though the D Y-treated tissues had sixfold higher levels o f Proto IX (Fig. 3) . We as sume that Proto IX accum ulating in D Y-treated tissues accumulates primarily in the plastid.
In vivo spectrophotom etry is not quantitative because o f light scattering, com partm entation, and other factors [23] . Therefore, the absolute or relative am ounts of different pigments in a tissue cannot be determined accurately by in vivo spec trophotom etry. However, our results dem onstrate that this method is a rapid, reliable m ethod to de termine if a herbicide is porphyrinogenic. F urther more, the pattern of accumulation can indicate the enzyme target site in the porphyrin pathway.
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